Measurement and simulation of the UMER beam in the source region 
INTRODUCTION
Even though many of the basic characteristics of space-charge-limited diodes have been well known for several decades, this knowledge does not usually extend to the details of the particle distribution function that are necessary for predicting the downstream behavior of modern intense-beam systems. Furthermore, recent simulations and experiments have found that details of the beam distribution emerging from the source can have a strong influence on the downstream beam evolution. Since the phenomena that govern the beam evolution are usually nonlinear and measurements of the beam emerging from the gun region with adequate accuracy are often quite difficult, simulations have become a promising tool for understanding the behavior of space-chargedominated beams in the source region. However, an important precursor to developing a credible predictive simulation capability that can reliably model the source region is the benchmarking of the numerics against experimental observation.
An effort has therefore been undertaken to compare numerical simulation against experiment in those cases where beam diagnostics are sufficient to permit accurate simulation/experiment comparisons for spacecharge-dominated sources. It should be noted that even though this work has largely been motivated by developing a predictive capability for the highly space-charge-dominated beams required for heavy ion fusion, the results are applicable to a large class of machines. This is because as the intensity or luminosity of a beam at the high-energy end of an accelerator is increased, it becomes increasingly important to operate the source region in the space-chargedominated regime.
Recent research comparing WARP simulations to experimental observation of gun behavior have centered on two experiments that are particularly suitable for these comparisons because of the diagnostic configurations.
These are the 500 KeV Source Test Stand (STS-500) diode at LLNL, and the University of Maryland Electron Ring (UMER). However, because the work on the STS-500 is described elsewhere, [1] the description here w i l l e m p h a s i z e simulation/experiment comparisons on UMER.
THE UMER GUN
The diode in the UMER experiment is a simple Pierce geometry but with two significant modifications. To ensure an equipotential surface across the anode plane, an anode grid with approximately 86% transparency has been placed across the anode aperture. A more significant modification of the gun characteristics results from a cathode grid with 0.0254 mm diameter wires 0.15 mm apart, in a window-screen pattern, placed 0.15 mm from the cathode surface. The presence of this grid creates a triode geometry that is used to modulate the current by varying the applied grid-to-cathode voltage. In the normal operating range, the cathode-to-grid potential is set so the triode operates in a saturated state to avoid amplification of any fluctuations on the grid pulse. A cartoon representation of the gun geometry, as well as the aperture-wheel /phosphor-screen combination is shown in Fig.  1 . As will be discussed below, operating with a grid-to-cathode potential sufficient to saturate the triode significantly modifies the transverse velocity distribution from what is obtained in a simple diode. Furthermore, this modification of the transverse distribution was found to have a significant effect on the downstream evolution. In fact, it does not appear possible to accurately model the downstream behavior without including the modification to the beam velocity distribution by the cathode grid.
EXPERIMENTAL MEASUREMENTS
The primary source of experimental data on the detailed characteristic of the beam emerging from the gun has come from images on the phosphor screens that can be inserted into the beam. One of these screens is placed approximately 28.8 cm downstream from an aperture wheel that is approximately 20 mm from the anode plane and can be lowered into the beam line without breaking vacuum. This screen, used along with a pinhole aperture that can be scanned across the beam diameter, is used to measure the velocity distribution across the beam, as well as the transverse variation in the current density. If the beam is assumed axisymmetric, a full transverse phase-space distribution is obtained. Another screen, placed on a long plunger-like mechanism that allows the screen to be slid along the injector line, cannot be used if any of the sections of the ring are in place. Data from the movable screen is, therefore, limited to what was obtained during the commissioning of the injector line. Figure 2 is an image, under typical operating conditions, of the fixed position phosphor screen 28.8 cm downstream of the aperture wheel when the pinhole aperture is positioned at the beam center. The DC bias voltage applied to the cathode-grid gap, which acts to impede emission from the cathode in the absence of the beam pulse, is set at approximately -40V. During the nominal 100 ns duration of the approximately 70V positive pulse applied to the grid, the grid-to-cathode potential is estimated to be about 30V, which is the sum of the bias voltage and applied pulse voltage of opposite polarity.
(The actual voltage is not precisely known because the magnitude of the voltage drop, as the grid draws current during the pulse, is difficult to estimate.)
The length limitation does not permit a comprehensive discussion of the measurements that have been performed, however, two surprising features to note are the observed shape of the velocity distribution, which can be described as hollowed and axisymmetric, and the transverse uniformity of this hollowed velocity distribution which is found to be approximately the same across the beam cross section. This transverse uniformity of the distribution was also seen, but in less detail, in the previously published pepper-pot phosphor screen images [2] obtained in an earlier experiment. Figure 3 is a plot of the transverse density variation measured, using the moveable phosphor screen placed near the anode plane, during commissioning of the injector line. The curve was obtained by plotting the intensity of the image along a diagonal cut across through the beam. The data presented here is only a small but representative sample of the data taken over a variety of gun operating conditions. However, it is still sufficient to illustrate some of the important characteristics of the UMER gun.
SIMULATIONS OF THE UMER GUN
Because of the disparity in scale between the 0.15mm distance between grid wires and the 0.15mm distance of these wires from the cathode surface on the one hand, and the approximately 25mm distance to the anode, (this distance can be varied to adjust the gun perveance) it is difficult to simulate all the characteristics of the gun simultaneously. A two-pronged approach was therefore adopted that first examined the macroscopic characteristics of the gun structure by legislating the distribution function of the current emerging from the grid. The grid-tocathode physics responsible for the experimentally observed distribution, especially the hollowed velocity space, were then examined in the second (and still continuing) phase.
Some of the results of the macroscopic simulations of the full diode gemoetry have already been described. [2] Axisymmetric WARP simulations were performed assuming a transversely uniform current density injected at the plane of the cathode grid. The magnitude of this current was chosen to match the measured total current after accounting for the fraction intercepted by the anode grid. A series of simulations was performed to examine sensitivity of the simulated profile at the plane of the phosphor screen to the assumed form of the injected velocity distribution. This profile was found to be surprisingly sensitive to the assumed shape of the initial velocity distribution. This sensitivity was unanticipated because it was assumed that, as a result of the dominance of space charge potential energy over the transverse kinetic energy in the beam, the measured profile should be relatively insensitive to the details of the initial velocity distribution. An additional surprise, discussed elsewhere [3] is the degree to which the downstream behavior as the beam propagates in the ring also depends on the detailed form of the initial velocity distribution. Figure 4 is a plot of the radial density variation of the simulated distribution propagated to plane of the phosphor screen. Note that since the simulation is axisymmetric, only half of the distribution from the center to the outer edge is plotted, in contrast to the density plot in Fig. 3 in which both halves of the measured beam are plotted to explicitly exhibit the degree of asymmetry in the experiment. By varying the injected velocity distribution to obtain qualitative agreement with the measured transverse variation in the current density, a surprising degree of detailed agreement was observed to what were initially thought to be measurement anomalies. Because these features, such as the dip in density at the beam center and the small shoulder out from the center, appear in both the simulated and measured density they appear to be real, if not completely understood, features of the beam evolution. It should be noted that such agreement is absent if the initial distribution is varied significantly from the assumed form.
Although the shape of the central density dip in the simulation differs from the measured central dip, from the left to right asymmetry in the experimental curve shown in Fig. 3 it seems clear that the depression in the measured distribution is not centered on the diameter cut across the beam that was used to generate the plot. This occurs because the density depression near the center of the beam is slightly displaced. This displacement is thought to result from a slight misalignment of the gun as well as the possibility that the simulation geometry does not precisely mirror the "as-constructed" gun geometry.
In addition, the sharpness in the dip in the simulated curve in Fig. 4 might be exaggerated by slight numerical inaccuracy in the simulation at the beam center. An additional source of potential disagreement between simulation and measurement is the simplified, two-parameter fit for the initial velocity distribution, which is characterized by oppositely-directed Gaussian distributions of specified width and separation. Similar comments apply to the slight shoulders in the density curves, seen in both the simulation and experiment, as well as the slight skirt at the beam edge. While the shoulders in the two curves do not correspond precisely in location or shape, such shoulders are a feature both in simulations and measurement over a range of parameters.
The dips, as well as the shoulders, were unexpected because the normalized beam emittance in the simulation of 12.5 mm is only about 2.5¥ the intrinsic emittance calculated from the product of the 0.1 eV cathode temperature and the emitter radius. This led to an expectation of a laminarity for the particle orbits that was not expected to produce such structure.
The simulations of the macroscopic gun characteristics were performed assuming an initial hollowed distribution. Simulations have also been undertaken to understand the mechanisms that can produce this hollowing. Three-dimensional simulations that resolve the very fine scale of the cathode grid at the same time as simulating the much larger diode as a whole are an ambitious undertaking. Instead, three-dimensional WARP simulations were undertaken that examine a single 0.15 mm square cell in the periodic array of grid cells near the beam center. Periodic boundaries, as well as fourfold transverse symmetry, were assumed in the simulation so that the model does not include any transverse influence associated with the evolution of the beam edge or with any beam compression from the transverse focusing applied by the Pierce geometry.
Because the dynamics of virtual cathode formation near the emitter surface and downstream of the grid are important to the resulting distribution [4] the cathode was modeled by injecting several times the expected Child-Langmuir current from the cathode surface and following the self consistent temporal evolution as a virtual cathode is formed. It should be noted that the finest grid used to model the 0.15mm square region 25 mm long, with the assumption of fourfold transverse symmetry in the two transverse dimensions, was 2048 by 32 by 32. This grid was not completely adequate to resolve the longitudinal dynamics so that some possibly nonphysical transient behavior [5] was observed. Nevertheless, though refinement of the simulations is currently underway, the qualitative features observed are believed to be correct, particularly because of the extent that they mirror experimental observation.
What is observed in the simulations is that for small grid to cathode potentials, the virtual cathode forms between the cathode and grid, and observed downstream transverse velocity distribution function is monotonically decreasing with velocity and some observed squaring of the distribution, as opposed to the axisymmetry expected without the grid, matches experimental observation. However, above a threshold in the magnitude of the gridto-cathode voltage of approximately 30 V, a virtual cathode is formed downstream of the cathode grid and the experimentally observed hollowing in the transverse velocity distribution is seen in the simulations. Figure 4 is a particle scatter plot of the downstream velocity distribution obtained from one such a simulation. While the current simulations are not fully converged numerically, and further refinement is in process, nevertheless the qualitative features of the experiment have been reproduced.
CONCLUSIONS
Both experimental observation and simulation have revealed a significant level of, unexpected, complexity in the evolution of the details of the beam distribution function as the beam traverses the diode region. For a sufficient grid-to-cathode potential difference a hollowing is observed in the transverse velocity distribution.
Though the hollowed velocity distribution does not appear to cause a large increase in the transverse beam emittance, some of the transverse structure observed during beam propagation in the diode region appears to deviate from what would be expected using the laminar orbit structure expected in a the highly space-charge-dominated region that is characteristic of a low emittance gun structure.
The agreement that has been seen between simulation and observation promotes substantial confidence in using the simulations as a tool for understanding the significant features of the space-charge physics. Also important, the detailed characterization of the beam distribution function of the beam that has been obtained by moving a small aperture across the beam should provide, along with the simulations, a valuable tool in predicting the detailed evolution of the beam propagation in the UMER ring. Fig. 1 . Schematic representation of the UMER gun geometry illustrating the presence of cathode grid (G) close to the emitter surface (K), as well as an anode grid (A) across the gun exit that is used to insure an equipotential at the anode plane. A wheel-mounted pinhole aperture (W) slightly downstream from the anode plane can be rotated across the beam to measure the velocity distribution across the beam by capturing the angular beam spread on a phosphor screen (S) 28.8 cm downstream. Plot of the radial density variation from a WARP simulation of gun where a specified current matching the measured total current is inject at the cathode grid plane with a specified hollow transverse velocity distribution. The velocity distribution consists of transversely counterstreaming Gaussian distributions with a thermal spread corresponding to 0.2 eV temperature and separated by 4 times that thermal spread. 
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